Supercritical fluid extraction (SFE) has been accepted as one of the alternatives to organic solvent extraction in organic analytical chemistry. Supercritical fluids have unique physical properties, such as a high density close to a liquid and a small viscosity comparable to a gas. Employing these features, SFE is capable of extracting organic compounds rapidly from solids. A lot of analytical applications of SFE can be found in the literature, e.g., fatty acids and PCBs in foods (meat and fish), 1 polychlorinated dibenzo-p-dioxins and dibenzofurans from incinerator fly ash, 2 and polychlorinated biphenyls and polycyclic aromatic hydrocarbons in marine sediments. 3 In most cases, CO2 is a practical choice as a supercritical fluid because of its moderate critical temperature (31.1˚C) and pressure (7.28 MPa), non-toxicity, inflammable and chemicallyinactive nature. In fact, a lot of literatures e.g., referred above, on SFE employs CO2. Since supercritical CO2 behaves as a non-polar solvent, the extraction of polar compounds can be performed with the aid of an organic solvent, such as ethanol or toluene, at a few percent in CO2. 4 The most prominent feature other than the rapidity of SFE is the ability to alter its solvent strength by changing the temperature and/or pressure. This feature was thought to be utilized for realizing compoundselective extraction from organic mixtures. However, there are only a few reports on successful selective extraction. [5] [6] [7] The main reason is that the effect of the temperature and the pressure on the extraction yield has not been fully clarified. It is generally said that the maximum solubility is obtained at the highest density at a certain temperature. 8 Another aspect is that the solubility of an organic compound depends on the volatility of the compound. Therefore, a greater solubility is occasionally obtained at a higher temperature despite of the decreased density. Some other factors also affect the extraction yield. One of the prominent factors is the flow rate of supercritical CO2. It is known that an increase of the flow rate results in an increase of the extraction rate proportionally, or in slightly increase, depending on the compounds and/or their amounts. This difference implies that there are two kinds of limiting factors in SFE: one is the solubility of the compound in supercritical CO2; the other is the kinetics of the partitioning process between supercritical CO2 and the sample matrix. 10 Complex and partly uncertain phenomena in SFE mentioned above should be studied in detail in order to utilize SFE for practical sample extraction and also to develop an optimized scheme of compound-selective extraction by changing supercritical CO2 condition. Conventionally, extracts from an SFE apparatus are collected with an organic solvent, and an extraction yield is determined by a GC/MS analysis of the recovered solution. 11 This procedure is time-consuming and involves a significant loss of the extracts in the collection step, depending on the kind of organic solvent and extracts. 12 In this study, a combined apparatus consisting of an SFE and a time-of-flight mass spectrometer (TOF-MS) was developed for the direct analysis of extracts.
Introduction
Supercritical fluid extraction (SFE) has been accepted as one of the alternatives to organic solvent extraction in organic analytical chemistry. Supercritical fluids have unique physical properties, such as a high density close to a liquid and a small viscosity comparable to a gas. Employing these features, SFE is capable of extracting organic compounds rapidly from solids. A lot of analytical applications of SFE can be found in the literature, e.g., fatty acids and PCBs in foods (meat and fish), 1 polychlorinated dibenzo-p-dioxins and dibenzofurans from incinerator fly ash, 2 and polychlorinated biphenyls and polycyclic aromatic hydrocarbons in marine sediments. 3 In most cases, CO2 is a practical choice as a supercritical fluid because of its moderate critical temperature (31.1˚C) and pressure (7. 28 MPa), non-toxicity, inflammable and chemicallyinactive nature. In fact, a lot of literatures e.g., referred above, on SFE employs CO2. Since supercritical CO2 behaves as a non-polar solvent, the extraction of polar compounds can be performed with the aid of an organic solvent, such as ethanol or toluene, at a few percent in CO2. 4 The most prominent feature other than the rapidity of SFE is the ability to alter its solvent strength by changing the temperature and/or pressure. This feature was thought to be utilized for realizing compoundselective extraction from organic mixtures. However, there are only a few reports on successful selective extraction. [5] [6] [7] The main reason is that the effect of the temperature and the pressure on the extraction yield has not been fully clarified. It is generally said that the maximum solubility is obtained at the highest density at a certain temperature. 8 Another aspect is that the solubility of an organic compound depends on the volatility of the compound. 9 Therefore, a greater solubility is occasionally obtained at a higher temperature despite of the decreased density. Some other factors also affect the extraction yield. One of the prominent factors is the flow rate of supercritical CO2. It is known that an increase of the flow rate results in an increase of the extraction rate proportionally, or in slightly increase, depending on the compounds and/or their amounts. This difference implies that there are two kinds of limiting factors in SFE: one is the solubility of the compound in supercritical CO2; the other is the kinetics of the partitioning process between supercritical CO2 and the sample matrix. 10 Complex and partly uncertain phenomena in SFE mentioned above should be studied in detail in order to utilize SFE for practical sample extraction and also to develop an optimized scheme of compound-selective extraction by changing supercritical CO2 condition. Conventionally, extracts from an SFE apparatus are collected with an organic solvent, and an extraction yield is determined by a GC/MS analysis of the recovered solution. 11 This procedure is time-consuming and involves a significant loss of the extracts in the collection step, depending on the kind of organic solvent and extracts. 12 In this study, a combined apparatus consisting of an SFE and a time-of-flight mass spectrometer (TOF-MS) was developed for the direct analysis of extracts.
This SFE/TOF-MS combination was realized with a capillary-skimmer interface to maintain a large pressure difference between SFE and TOF-MS. The basic concept and preliminary results on the direct analysis of extracts are presented. 
Instrumentation

Supercritical CO2 extractor
A simple supercritical CO2 extractor was made. Carbon dioxide in a cylinder was transferred through a 1/8″ copper coiled-tube with a length of 2 m. This coiled-tube was soaked in an water/ethyleneglycol cooling bath at -10˚C, in order to make CO2 liquefied stably. Liquid CO2 was pressurized with a dual plunger pump (CCPD, Tosoh Corp., Japan). The pump was operated under either constant-pressure or constant-flow mode, and the maximum pressure was 40 MPa. Pressurized liquid CO2 was then heated in a GC oven (GC-8A, Shimadzu Corp., Japan) to reach a supercritical state.
The oven temperature was variable within a range of 40 to 399˚C. The sample was placed in an extraction cell made of a 1/2 inch SUS 316 tubing with an internal volume of 8 ml. A particulate sample was set into the cell by plugging both ends with quartz glass wools. Extracted analytes solved in supercritical CO2 were then entered into a deactivated fused-silica capillary (GL Sciences Inc., Japan) connected to TOF-MS, as described later.
Time-of-flight mass spectrometer (TOF-MS)
A linear time-of-flight mass-spectrometer (TOF-MS) was constructed for the on-line detection of supercritical CO2 extracts. A schematic illustration of the TOF-MS is shown in Fig. 1 . This apparatus consisted of two vacuum chambers: the main chamber and the ionization chamber. The ionization chamber was shrouded and had a limited conductance to the main chamber through a skimmer cone (hole diameter: 1.0 mm, R. M. Jordan, USA). The ionization chamber was pumped with a turbo-molecular-pump (TMP) through the flight tube, whereas the main chamber was pumped with another TMP. The base pressures of these two chambers were 10 -7 Pa order. Supercritical CO2 containing extracted analytes was effused from the tip of the fused-silica capillary from the SFE apparatus. In order to align the tip coaxially with the skimmer, an x-y-z adjustment mechanism was attached. The distance between the tip and the skimmer was variable from 1 mm to 20 mm.
A part of effused molecules passing through the skimmer entered into an ionization space surrounded by a repeller and extractor electrodes. Molecules were ionized with an electron beam (70 eV) incident from the right angle with respect to the molecule flow. The potentials of the repeller and extractor electrodes were typically +1980 V and +1800 V. Ionization occurred when a pulsed voltage (-180 V) was applied to the repeller electrode, i.e., both of the electrodes at the same potential (+1800 V). The typical pulse width was 3.5 µs, and its rise and fall time were within 50 ns. Then, the ionized molecules were accelerated after the voltage pulse was turned off. This ion-extraction period lasted for 150.5 µs. Extracted ions were accelerated by another electric field between the extractor and grounded electrodes. This two-field extraction scheme is called "Wiley-McLaren" configuration. 13 In this method, ions generated at different positions within the ionization space can be focused at an arbitrary flight length. This results in a few hundreds mass resolution. In this apparatus, accelerated ions travel straight through a flight tube, and reach at a triple-stack microchannel plate detector (MCP, Model C726, R. M. Jordan Company Inc., USA). By adjusting the extractor potential, space-focusing distance can be placed at the MCP surface.
As for signal acquisition, current pulse signals from the anode was converted to voltage pulses with an amplifier (VV-100B, LeCroy, USA). Integration of the signal pulses was performed with a digital storage oscilloscope (LT262, LeCroy, USA) at a 1 GHz sampling rate.
Interface between SFE and TOF-MS
The interface between the SFE and the TOF-MS apparatuses is one of the technical issues. In this SFE/TOF-MS system, the interface acts as a pressure regulator, in other words a flow restrictor. In the case of a conventional stand-alone SFE apparatus, linear restrictors made of fused silica capillaries are frequently used to maintain the difference between the cell pressure and the atmospheric pressure. A similar technique is utilized in the SFE/TOF-MS interface.
Yang et al. established a simple mathematical correlation for calculating the flow-rate of CO2 through a linear capillary restrictor, whose inlet is directly connected to an extraction cell, by the following expression; 14 F = 7.6 × 10 This expression means that a capillary with a smaller internal radius is effective for regulating the flow-rate, whereas the capillary length has a moderate effect. In case of a linear restrictor, however, the pressure is gradually decreased along the length. At the decreased pressure, the solvating power of supercritical CO2 is also decreased and causes plugging by precipitation of extracted compounds within the capillary. Therefore, a small internal radius capillary was used in this study, and furthermore the tip of the capillary was narrowed so that large pressure decrease occurs only at the exit. This type is so-called "integral restrictor" devised by Guthrie et al. 15 An integral restrictor was manufactured by melting a capillary with a butane-oxygen burner while slowly rotating the capillary. Then the tip was carefully sandpapered until an opening with a desired radius was obtained. In this paper, a fused-silica capillary with an inner diameter of 30 µm (deactivated fused silica capillary, GL Sciences Inc., Japan) was used, and the narrowed opening radius was around 10 µm.
The beginning of the capillary was connected to the exit of the extraction cell directly by using a graphite ferrule (GV-04, GL Sciences Inc., Japan). Another end (narrowed-tip) was passed through and fixed at a stainless-steel tube with another graphite ferrule. The stainless tube was mounted on the x-y-z aligner and inserted to the main vacuum chamber. The capillary could be heated with an inserted resistive heater. This heater prevented too much cooling (icing) of the capillary tip due to adiabatic expansion of CO2.
Experimental
Reagents for model samples
For estimating the mass resolution of the TOF-MS, a dichloromethane solution containing 1 wt% p-dichlorobenzene was prepared.
As for the detection limit estimation, naphthalene dissolved in toluene at 1 wt% concentration was used.
Supercritical CO2 extraction
An SFE/TOF-MS online coupled experiment was performed using an organic mixture. The mixture was prepared by mixing organic compounds of naphthalene, p-dichlorobenzene, phenanthrene and pyrene with silicagel particles (diameter range: 63 to 210 µm). Each of these four compounds was at 1 wt%. A prepared sample was set into the extraction cell and the both ends were plugged with a quartz glass wools. Carbon dioxide with a purity better than 99.5% (Suzuki Shokan Co. Ltd., Tokyo, Japan) was used. Extraction was started by opening the valve of the CO2-cylinder, and then the syringe pump was started to pressurize liquefied CO2. After a few minutes the cell pressure reached and was maintained at 20 MPa, 40˚C. All chemicals, except for those mentioned, were purchased from Kanto Chemical Co., Inc., Japan.
Time-of-flight mass spectrometry
The above described TOF-MS was used in the mass spectrometry of a standard solution of p-dichlorobenzene. In the mass resolution measurement, the solution in a glass vial was fed into the TOF-MS through a deactivated fused silica capillary while its beginning was soaked in the solution. Pressure difference between atmosphere and vacuum chamber became a driving force to flow. The conditions of TOF-MS were as follows: repeller +1980 V, extractor +1800 V, pulser -180 V, electron emission current 100 µA. Signals were averaged for 52000 cycles corresponding to 8.1 s accumulation.
The sensitivity of the TOF-MS was determined in the following manner. A naphthalene solution (1 wt% in toluene) was fed through the same capillary. First, in order to calculate its flow rate, hexane was supplied. Then, the solution was changed to a naphthalene solution. The time to appear the signal of toluene is related to the flow rate and the internal volume of the capillary. From this preliminary experiment, the flow rate of naphthalene was estimated to be 20.2 ng/s.
Online analysis of an SFE effluent was performed after the SFE and TOF-MS was connected with a fused silica capillary with a narrowed-tip. The tip-opening diameter was 10 µm and total length of the capillary was 2 m. The model compounds mixed in silicagel particles were extracted at 20 MPa and 40˚C. The effluent (CO2 and extracted compounds) was analyzed by the TOF-MS directly for 48000 cycles (7.5 s accumulation). The conditions of the TOF-MS were: repeller +1980 V, extractor +1800 V, pulser -180 V and electron emission current 20 µA. The heater temperature at the inserted stainless tube was 80˚C.
Results and Discussion
TOF-MS resolution and sensitivity
Mass resolution m/∆m is one of the typical factors for describing the analytical performance of a mass spectrometer. Generally, quadrupole mass spectrometers (QMS) have resolutions around 2(m/z) within an m/z range from 1 to a few hundreds, e.g., 300. Greater than 10 4 resolution can be obtained with magnetic sector mass spectrometers. In case the of TOF-MS, its mass resolution depends on the instrumental setup. The simplest linear TOF-MS with a single-stage acceleration has a poor resolution (one-digit).
Two-stage acceleration (Wiley-McLaren type) used in this study eliminates mass peak broadening due to the distribution of ionization points, and a few hundreds of resolution is generally achieved in a wider mass range than QMS.
The mass resolution in the developed apparatus was estimated 855 ANALYTICAL SCIENCES JUNE 2003, VOL. 19 Values in parentheses are estimated mass resolutions.
The spectrum was acquired for 52000 cycles corresponding to 8.1 s.
by using a 1 wt% p-dichlorobenzene in dichloromethane. The sample solution was supplied into the TOF-MS through a short capillary by the power of atmospheric pressure. The flow rate of the solution was 2.4 nl/s. Figure 2 shows an obtained mass spectrum accumulated for 52000 cycles. In the mass range below m/z = 84, mass resolutions greater than 2(m/z) were achieved, whereas resolutions greater than 1.5(m/z) were obtained at m/z = 146 and 148. Therefore, it is concluded that higher (in low mass region) or comparable resolutions (in higher mass region) to a QMS are obtainable in this apparatus. This value will be effective for many kinds of environmental organics, such as phthalicesters, di-to tetrachlorobenzenes, and PAHs (e.g., naphthalene, anthracene, pyrene).
The sensitivity was determined for naphthalene solved in toluene at 1 wt%. While the solution was fed through the short capillary at a flow rate of 2.4 nl/s, mass spectra were acquired for 500, 1000, 2000 and 4000 cycles. Figure 3 shows the mass peak of naphthalene (time-of-flight = 24.3 µs) at each acquisition cycles.
Note that the vertical scales were normalized to the main peak of toluene in each spectrum. Naturally mass spectrum at 4000 cycles showed the best signal-to-noise ratio, where 13 ng of naphthalene was consumed during the measurement. In also the mass spectrum at 500 cycles (1.6 ng of naphthalene), naphthalene peak was recognized. From these spectra, it was safely stated that the sensitivity of this TOF-MS is on the order of 10 0 ng for naphthalene.
On-line coupling of SFE and TOF-MS
The SFE and TOF-MS was connected with the fused-silica capillary interface (30 µm i.d., 2 m length). In the initial experiment, vacuum chamber pressures were recorded as a function of the SFE pressure. The cell temperature was set to 50˚C, and the pressure was varied from 9.7 to 29.4 MPa. This supercritical condition is commonly used in the extraction of organic compounds. The pressures of the main chamber and the ionization chamber were monitored with vacuum gauges placed in each chamber. The solid lines in Fig. 4 represent the pressures in the main chamber when the distance between the capillary-tip and the skimmer was 4 mm. Both pressures rose with the extraction cell pressure monotonously. Since the maximum continuous operating pressure of the TMP is 10 -1 Pa, the pressure in the main chamber was kept safe within all of the extraction pressures. As for the vacuum pressure in the ionization chamber, it reached 3 × 10 -3 Pa when the extraction cell pressure was 24.4 MPa. This vacuum pressure is undesirable for the stable electron emission of the ionization source. Therefore, in case of the working distance of the capillary-tip at 4 mm, the maximum extraction cell pressure was limited to be 18 MPa, where the ionization chamber pressure was 2 × 10 -3 Pa. In the next the capillary-tip was moved 9 mm from the skimmer cone. The broken lines in Fig. 4 show the vacuum pressures in the two chambers, while the extraction cell pressure was varied from 16.7 to 29.4 MPa. The pressure in the main chamber was slightly higher than that in case of the capillaryskimmer distance at 4 mm. On the other hand, the pressure in the ionization chamber was kept below 2 × 10 -3 Pa up to the extraction cell pressure of 28 MPa. This means that the ionization source can work normally at ordinary SFE conditions if the capillary-skimmer distance is 9 mm. At 20 MPa, the flow-rate of CO2 at the exit of the pressurizing pump was estimated to be around 0.1 ml/min in liquid state. This flow rate seems to be somewhat small compared with those frequently used in SFE (0.2 to 3 ml/min). If a higher flow rate is required, it will be possible by adding another capillary whose exit is in an organic solvent or atmosphere.
On-line analysis of SF-extracts
As the first measurement of SFE/TOF-MS coupling, organic mixtures in silicagel were extracted and directly mass-analyzed. Figure 5 shows a mass spectrum acquired during the extraction for 7.5 s accumulation. It was natural that the most intense peak was CO2. No cluster ions of (CO2) + n were observed, indicating that there was no afraid of mass interferences due to the solvent (CO2). As for the extracted compounds, the peaks of their parent ions were clearly observed. The peak intensities in this case depended on the concentrations in the effluent, the flow rate of the effluent, and the relative sensitivities in electron impact ionization. Since the solubility of naphthalene and phenanthrene in supercritical CO2 are in orders of 10 -2 and 10 -3 856 ANALYTICAL SCIENCES JUNE 2003, VOL. 19 Fig. 3 Time-of-flight mass spectra of naphthalene (m/z = 128) in toluene acquired with different cycles. The vertical axis scaling in each spectrum was normalized with the main mass peak of toluene (not shown in these spectra). The amount of naphthalene during each acquirement were 13 ng for 4000 cycles, 6.4 ng for 2000 cycles, 3.2 ng for 1000 cycles, and 1.6 ng for 500 cycles. The acceleration voltage of ions was 1800 V, and the emission current of EI source was 100 µA. (mole fraction), 16 respectively, their concentrations in the effluent were supposed in the same orders at maxima.
Conclusion
An online-coupled SFE/TOF-MS apparatus was developed for direct analysis of extracts in supercritical CO2 extraction. A fused silica capillary with a narrowed-tip acts as a pressure restrictor and also a transferline to the TOF-MS. This interface together with differential pumping of the ionization chamber through the skimmer realized the direct analysis of extracts at ordinary SFE pressure and temperature. This apparatus will be a powerful tool for investigating the extraction properties and mechanisms of SFE, such as optimization of the condition or maximizing the compound selectivity. In the future, if laser ionization, which is much more sensitive and selective ionization scheme, is installed, it will be a practical analysis tool for trace organic compounds in actual environmental samples.
